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Abstract
This paper investigated energy harvesting from ocean waves using an oscillating column (OC) and a triboelectric nano-
generator (TENG). First, preliminary tests were conducted for a TENG fabricated using copper alloy or pure copper and
polytetrafluoroethylene (PTFE) tape. Then, an OC was designed and built with the pure copper TENG, which was tested
previously. The final design was tested in a tow tank with a wavemaker to demonstrate the OC–TENG system under simulated
ocean waves. The study examined different parameters that influenced the power generation, i.e., the voltage of alternative
currents, in order to determine what parameters are critical to higher power generation.
Keywords Energy harvest · Oscillation column · Triboelectric nanogenerator · Ocean wave
1 Introduction
Theworld uses additional amounts of technology and devices
that require electricity every single day. This leads to the
increasing desire for further ways to generate electricity. For
a long time, humans have depended on the use of fossil fuels
for electrical power. As a result, one of the greatest global
threats has emerged: global warming.
In response to the impacts of global warming, there have
been advances in green energy (wind and solar energy)
adding to the power grids of many nations. The use of these
innovative technologies has helped decrease the burning of
fossil fuels. Yet, there is still a lot of room for improvement
to find additional alternate energy sources that have lower
environmental impact than fossil fuels.
Nearly, 71% of the globe is covered in water. Of this
71%, about 96.5% is found in the oceans (USGS 2018). This
equates to 68.5%of theworld beingwater found in the ocean.
In addition, about 44% of the population of the world lives
within 150 km of the coast (Tollefson 2014). The basis of
energy from oceans is a wave. Waves are naturally found in
the oceans due to wind and the gravitational pull of the sun
and the moon (National Ocean Service 2018).
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Blue energy is the name given to the energy found in the
waves of the ocean. A multitude of different advances have
been made in the systems to extract blue energy. The use of
blue energy offers many benefits such as minimal environ-
mental impact, the ability of waves to travel long distances
without losing much energy, and the accessibility of being
able to use wave energy devices about 90% of the time (com-
pared to availabilities of about 20–30% of the time with solar
and wind energy devices). The technology to harvest this
energy has over 1000 patents in Japan, North America and
Europe.These technologies are usually differentiated by their
location and type (Drew et al. 2009).
The threemain locations for blue energydevices are shore-
line, nearshore and offshore. Shoreline is considered to be
in the shallow water near the shore. The shoreline devices
have the advantages of being close to land and easier to
maintain. In addition, they have a lower chance of being
damaged in extreme weather conditions as they could be
removed if harsh seas are predicted. One disadvantage is that
as a result of being in shallow water, the waves tend to have
less power near the shore. Nearshore devices are located a
bit farther out into the water, but still have the ability to be
attached to the seabed. Nearshore devices tend to have the
same disadvantage as the shoreline devices of not being able
to take advantage of more powerful waves due to their shal-
low water location. Offshore devices are generally found in
deep water. Deep water devices tend to be more expensive,
difficult to construct, and maintain due to being further from
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the shore and encountering more extreme conditions (greater
wave heights and energies). Yet, these more powerful waves
can lead to greater power generation (Drew et al. 2009).
The three major types of wave energy devices are atten-
uators, point absorbers, and terminators. Attenuators are
positioned parallel to the direction thewave is traveling. Point
absorbers are small compared to the wavelength they are
harvesting the energy from and tend to gather energy from
the rising and falling motion of waves. Terminators are posi-
tioned perpendicular to the direction that thewave is traveling
(Drew et al. 2009).
Of the over 1000 different patents, they can all be divided
into one of these three locations (shoreline, nearshore, off
shore) and one of these three types (attenuators, point
absorbers, terminators) (Drew et al. 2009). Another way to
further classify awave energy device is by theirmode of oper-
ation. There is a plethora of modes of operations for wave
energy devices, but some of the major ones are submerged
pressure differential, oscillating wave surge converter, oscil-
lating water column and overtopping device. A submerged
pressure differential device is a type of point absorber that uti-
lizes the pressure differential between the troughs and crests
of a wave. A wave surge oscillator is a type of terminator that
utilizes the horizontal velocity of waves. An oscillatingwater
column could act as either a point absorber or a terminator
if it attached to the shoreline. An oscillating water column
utilizes a chamber filled with air and the water level that is
open to the motion of the wave. As the wave goes through the
chamber, pressure is applied to the air through the motion of
the wave and is usually pushed through a turbine. An over-
topping device has the waves going over it and collects the
energy of the wave through a turbine, which then releases the
water back out (Drew et al. 2009).
The potential to use the power found in the waves of the
ocean as a renewable energy is high. There is a wide variety
of types and locations for devices with the ability to cap-
ture the energy found in ocean waves. Prior reviews of these
technologies came to similar conclusions (Falcão 2008; Sun
et al. 2018). Those conclusions are that the potential is very
high, but it is expensive to make, deploy, test and maintain
the devices, so progress in the research is slow to develop.
Triboelectricity is found in the electrostatic phenomenon
and commonly found through friction. In the past, this fric-
tion has caused adesign concern for deviceswith the presence
of charges where they are not beneficial or could be danger-
ous. Now these charges are being seen as something that
could be utilized to power devices. These charges could be
a solution to the current need for more clean and renewable
energy by utilizing what is already available in our daily life.
The first triboelectric nanogenerator (TENG)was introduced
in 2012 by the same group that successfully used the piezo-
electric nanogenerator (Fan et al. 2012). The development
of the TENG in 2012 was the beginning of research into
harnessing triboelectricity with devices that produce usable
electricity from mechanical energy while maintaining low
cost and high durability.
The first TENG that was developed in 2012 used two
thin polymer films pressed together, Kapton (polyimide) and
polyester (PET). On the nanoscale, these two materials have
different roughness, which allows for friction through a rel-
ative sliding between the two materials when the TENG is
operated. The primary operation of this TENG was achieved
through the bending of the stack of materials. On the outside
of each of the polymers was a thin layer of aluminum alloy.
This aluminum produced equal but opposite charges than the
polymer it was attached to and allowed the TENG to be con-
nected to an external circuit to examine the electrical outputs
(Fan et al. 2012).
Since the introduction of the first TENG in 2012, a
great deal of different types of TENGS was developed.
These TENGS can be classified into four different work-
ing modes. These four modes are vertical contact-separation
mode, single-electrode mode, freestanding triboelectric-
layer mode, and contact-sliding mode (Wu et al. 2019).
The concentration of this research is using the contact-
sliding mode of the TENG. The basic mechanism of the
contact-sliding mode TENG was well explained in Ref.
(Wang 2014, 2017). The current flowdepends on how the two
materials are matched with each other. This sliding TENG
has been modeled (Niu et al. 2013) and proven to work with
linear-grating (Zhu et al. 2013) and checker-like interdigital
electrodes (Guo et al. 2015).
In the past 7 years since the TENG was first introduced,
it has continued to have further developments and uses. The
application of the TENG is broken down into two major cat-
egories: harvesting from the environment or self-powered
devices/sensors (Ma et al. 2018). One of the large research
areas with the TENG is using the mechanical energy found
in water. There are two types of mechanical energy typically
found in water, one from themotion of the water flowing, and
the other from themotion of the waves (Xi et al. 2017). There
is a large amount of research that has been completed with
the TENG for both capturing the energy from the motion of
flowing water (Cheng et al. 2014; Liang et al. 2015a, b, 2016;
Lin et al. 2013; Zhang et al. 2017;Wang et al. 2016; Lee et al.
2016) and the motion of water waves (Xiao et al. 2018; Xu
et al. 2016, 2018; Wen et al. 2016; Lee et al. 2018; Su et al.
2014;Chen et al. 2015; Zhu et al. 2014; Saadatnia et al. 2017).
One TENG has been developed with the ability to harness
the water energy from both the motion of the water and the
motion of the waves in addition to the wind energy (Xi et al.
2017). The focus of this research is on harvesting mechani-
cal energy from the environment, specifically harvesting blue
energy from themotion ofwaves using a lateral-slidingmode
TENG.
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2 Design, fabrication and experiment
of TENG
This section describes the design, fabrication and experi-
mentation of a TENG device. The main design concept was
similar to that in Ref. (Seol et al. 2017), which was the
interdigitated design of the electrode pieces. One major con-
sideration while developing a TENG is the selection of the
materials to be used. A successful TENG uses two mate-
rials that are far away from each other on the triboelectric
series so the electrons could be easily transferred between the
two materials (Diaz and Felix-Navarro 2004). The transfer
of these electrons between the two materials is what causes
the triboelectricity. The twomainmaterials chosen to be used
for TENG were copper and polytetrafluoroethylene (PTFE)
tape. The choice of these two materials was inspired by a
TENG made of Teflon tape and conductive copper foil tape
(Xia et al. 2018). These two materials are cost effective and
on opposite sides of the triboelectric series.
The block of the TENG where the electrodes were placed
intowasmodeled and designed as shown inFig. 1. The spaces
for the fingers of the electrodes were made to a depth of
0.5 mm and at the end, the depth was increased slightly to
allow for soldering at the end of the electrode. This piece was
3D printed using an Ultimaker 3 Extended. Then, a piece of
copper alloy aswell as pure copper wasmachined to fit inside
the block. Wires were then soldered onto the ends of the
electrodes to allow for AC voltage readings from the TENG
in operation. These copper electrodes are shown in Fig. 2.
The track for the TENG to slide on was also modeled and
designed as shown in Fig. 3. This track was also 3D printed.
The adhesive PTFE tapewas then added to the track as shown
in Fig. 4. This track was set to be an inner width of 67 mm
to prevent any friction on the sides of the TENG and strictly
allow friction at the interface of the PTFE tape and the copper
Fig. 1 Design for the electrode holder of the TENG (units inmillimeter)
Fig. 2 Electrodes in the holder
Fig. 3 Model of track of TENG (units in millimeter)
electrodes. The length of the track was 155 mm to allow a
full sliding motion of the TENG electrode length.
A linear reciprocating motor was wired and set up for the
testing of the TENG. It allowed for the speed and the contact
force of the TENG to be regulated. A small connector piece
was made to connect the TENG to the reciprocating motor as
shown in Fig. 5. The figure shows a little disk that sat on top
of the TENG that was created to test the TENG at different
contact forces. All those pieces were 3D printed.
This setup was then tested at two different speeds with
the linear motor, one at 50% speed and one at full speed.
Each of these speeds was also tested with three different
weight conditions on the weight plate. The first condition
was without any additional weight. The next condition that
was tested was with one block of mass (32 g) or three blocks
of mass (96 g) on the weight plate.
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Fig. 4 3D Printed final track with adhesive PTFE tape
Fig. 5 Top view of the TENG setup attached to reciprocating linear
motor
The experimentation was run with copper alloy and pure
copper electrodes, respectively. Each electrode case was
tested with three different weight conditions and two dif-
ferent speeds. These six different runs were each performed
three times tomake sure that the datawere repeatable.TheAC
voltage outputs were measured with a Keysight DSO1052B
digital oscilloscope.
3 Experimental results of TENG
The first set of results was obtained using the copper alloy
electrodes. Thefirst testwas conductedwith the reciprocating
motor run at half speed (frequencyof 2.083Hz for the pulses).
This run had noweight added in the weight holder. The result
from the first run is shown in Fig. 6. The AC voltage outputs
for this TENG were in a pulsing pattern. For this TENG test,



































































Fig. 6 AC voltage output from copper alloy electrodes with no addi-

































































Fig. 7 A zoom-in view of AC voltage output from copper alloy elec-
trodes with no additional weight and 2.083 Hz frequency
and backward movement of the TENG, which was one cycle
of the linear motor. Then, as the motor went to go forward
again, there was a little bit of a longer pause in the data. A
zoom-in of this pulse pair is shown in Fig. 7. From this run,
one can see that the range of the peak-to-peak is 32 v.
Figure 7 shows how the TENG has the pairs of pulses that
are close together which correspond to the complete cycle of
the linear motor. One can observe that the first pulse (forward
motion) has themost positivemaximum and the second pulse
(backward motion) has the most negative minimum. This
condition was run three separate times to verify that the data
were repeatable. The average peak-to-peak for those three
runs was 31.5 v.
Then, the weight was added to the system to increase
the contact force and this was repeated with the full speed
(4.167 Hz) of the reciprocating motor. The general charac-
teristics of the AC voltage output are the same as shown in
Figs. 6 and 7 except for the actual values.
After completing all set of planned tests, the copper alloy
TENG was then moved by a human hand at a fast speed to
find the maximum output the original TENG could possibly
create. Although it is not possible to determine the contact
force (weight) applied by the hand, it is possible to see the
frequency associated with the maximum peak-to-peak AC
voltage output.
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Table 1 Summary of copper alloy TENG test with linear reciprocating
motor
Frequency (Hz) Added weight (g) Average (for 3 runs)
Maximum peak-to-peak







































Copper Alloy TENG Frequency vs. AC Voltage
Fig. 8 TENG frequency and AC voltage for copper alloy TENG with
wide PTFE tape
For the copper alloy TENG, the first run showed that there
could be a maximum peak-to-peak AC output voltage of
448 v. This test was completed at a frequency of 10.4 hz.
For the three tests run, the average maximum peak-to-peak
ACoutput voltagewas 447 v. Those three tests had an average
frequency of 10.4 hz.
The results showed that there were some trends between
the frequency the TENG was operated at and the maximum
peak-to-peak AC output voltage. The summary of results
of the maximum peak-to-peak AC output voltage, its cor-
responding frequency and added weight is shown in Table 1.
The trend with frequency with the copper alloy TENG is that
as the frequency increased, the maximum peak-to-peak AC
voltage output also increased. This is increasing nonlinearly
based on the data points collected, as shown in Fig. 8.
There was no trend found for the weight added to the
copper alloy TENG and the AC output voltage. The results
from the two different frequencies are shown in Fig. 9. For
the higher frequencyof 4.167Hz, themaximumpeak-to-peak
ACoutput voltagewent upwith the additionalweights added.
However, for the lower frequency of 2.083 Hz, the maximum
peak-to-peak output voltage decreased with the additional
weights added. Therefore, for the copper alloy TENG, it was



































Copper Alloy TENG Weight Added vs. AC Voltage
4.167 Frequency
2.083 Frequency
Fig. 9 Additional weight and AC voltage for copper alloy TENG
Table 2 Summary of copper TENG tests with linear reciprocating
motor
Frequency (Hz) Added weight (g) Average (for 3 runs)
Maximum peak-to-peak








peak-to-peak AC output voltage, but the additional weights
did not have a major impact on the voltage.
The next set of tests was undertaken using the pure copper
electrodes. The previous experiments were repeated for the
pure cooper TENG.As expected, the pure cooper TENGpro-
duced greater ACvoltages than the copper alloy TENGunder
the same test condition. Table 2 gives the summary of test
results for the pure copper TENG. Just as was observed with
the frequency increase with the copper alloy TENG, the pure
copper TENG also had an increase in the maximum peak-to-
peak AC voltage output. This trend is shown in Fig. 10.
The trend between frequency andmaximum peak-to-peak
AC voltage output for the pure copper TENG has a bit more
linear, but still nonlinear, trend than what was seen with the
copper alloyTENG. Itwas clear that the increase in frequency
directly correlated to an increase in AC voltage.
Upon further analysis of the pure copper TENG tests with
the two speeds and three weight conditions, peak-to-peak
AC voltage output also increased with the additional weight
added. Although the impact of the additional weight was
not as significant as the frequency, there was a consistent
trend that as the weight was added, the peak-to-peakAC volt-
age output increased. The direct influence of the additional
weight on the maximum peak-to-peak AC output voltage
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Copper TENG Frequency vs. AC Voltage





































Copper TENG Weight Added vs. AC Voltage
4.167 Frequency
2.083 Frequency
Fig. 11 Additional weight and AC voltage of improved TENG
was also analyzed for the pure copper TENG. The results are
shown in Fig. 11.
As shown in Fig. 11, there was a trend between the
addedweight and frequencywith the pure copper TENG. For
both the fast frequency (4.167 Hz) and the slow frequency
(2.083 Hz), the maximum peak-to-peak AC output voltage
increased with the addition of more weight. Although this
trend between added weight and AC voltage was found for
the pure copper TENG, the dominating factor for higher AC
voltage for both copper alloy and pure copper TENGS is to
have the TENG operating at higher frequencies.
The additional testing condition to the pure copper TENG
was a change in the thickness of the PTFE in the track. For
this new track, the pure copper TENG was tested with the
linear reciprocating motor at full speed. In addition, there
were two weight conditions: one with no added weight and
onewith three blocks (96g) of addedweight. This created two
new conditions to be completed with the pure copper TENG.
Each of these conditions was run three times to ensure the
reliability of the data.
The first run with the thinner PTFE tape track was with
no added weight and the motor at full speed. The average
maximum peak-to-peak AC output voltage for the three runs
with this conditionwas 121V. This is about 30V less than the
same speed and weight conditions for the copper TENG and
the wider PTFE tape. The second condition with the thinner
PTFE tapewas completedwith the linear reciprocatingmotor
at full speed and the weight of three blocks of mass (96 g) in
the weight holder. The average maximum peak-to-peak AC
output voltage for the three runs at this conditionwas 146.7V.
This is about 20 V less than the pure copper TENG under
the same conditions with the wider pieces of PTFE tape on
the track. It was concluded that having the thinner PTFE tape
was not beneficial to get the maximum AC voltage output of
the copper TENG.
Following the testing of the copper TENG with the lin-
ear reciprocating motor, it was desired to be able to predict
the maximum peak-to-peak AC output voltage for different
frequencies. This would allow a user to achieve the maxi-
mum peak-to-peak AC output voltage by applying a certain
frequency to the TENG. The bases of this model were made
from the experimental results with the pure copper TENG
and no additional weight condition. The goal of this simpli-
fied model was to be able to predict the upper half of the AC
voltage signals produced. Equation (1) was used to calculate
the models prediction for AC voltage output for each time
step.
V (t)  Vpeak sin(2πωt) (1)
where Vpeak was determined based on the experimental data
from the TENG testing with the linear reciprocating motor.
From the test data, Vpeak  1.955ω2 + 9.925ω. Here, ω is
in Hz. For the slow frequency of 2.083 Hz, Eq. (1) resulted
in Vpeak of 29.2 V and a peak voltage of 75.3 V for the
fast frequency of 4.167 Hz. These values represented the
measured voltages closely.
4 Experiment and results of oscillating
column and TENG
The next step in this research was to combine the TENG
with a device that could extract the energy found in water
waves. An oscillation column (OC) was the device used for
this purpose. The OC is a type of point absorber because the
whole columnoscillateswith thewater falling and risingwith
the wave. The OC was restricted to only be able to operate in
the heave (vertical) direction, thus giving the TENG linear-
sliding motion.
An acrylic columnwith a diameter of 25.4 cm and a height
of 24.5 cmwas themain component of the OC. The thickness
of the column was 0.397 cm. The bottom of the column was
closed off, but the top was open. A cap for the column with
a height of 12.7 cm and a 2.54 cm hole in the center was
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Fig. 12 Bottom view of the cap model for OWC (units in millimeters)
designed to fit inside the column. This cap was designed to
make sure the column operated strictly in the heave direction
and did not have a moment from the incident waves. The cap
was 3D printed using the Fortus 400mc and the drawing of
the model is shown in Fig. 12.
A block with one flat side and one curved side was then
built to attach the TENG to theOC cap, whichwas then glued
into the column to a depth that would allow the block and
TENG to be attached to the side of it. A photo of the final
OWC with the TENG attached to it is shown in Fig. 13.
The overall height of the structure was 33.02 cm after the
cap was attached. Following the construction of the TENG
with the OC, a hole was drilled into a piece of wood to
fit across the width of the wave tank. A polyvinyl chloride
(PVC) pipe was selected to have a tight fit through the hole
in the wood, but have a looser fit through the hole in the cap
of the OC. This kept the PVC pipe fixed but allowed the OC
to heave along the pipe. In addition, a piece of wood was
attached perpendicular to the piece of wood that spanned the
width of the tank. This perpendicular piece of wood then
had the TENG track attached to it. It was critical that the
attachment of the perpendicular piece of wood and TENG
track matched up with the TENG block so the triboelectric-
ity could be generated. The final setup of the OC with the
TENG attached and matching up with the TENG track in the
wave tank is shown in Fig. 14.
The OC with the TENG attached was tested in the wave
tank. Itwas testedwith seven different frequencies of incident
waves: 1.716 Hz, 1.475 Hz, 1.315 Hz, 1.200 Hz, 1.002 Hz,
0.903 Hz and 0.816 Hz. All these frequencies of waves were
set to a wave amplitude of 2.54 cm, giving the waves a height
of 5.08 cm. This wave height was selected to make sure the
sliding motion of the TENG stayed within the length of the
track. Each of these frequencies was run for two tests to
verify the data. The AC voltage outputs were measured with
a Keysight DSO1052B digital oscilloscope.
The highest frequency of wave used was 1.716 Hz. This
was run for two tests and created a TENG frequency of about
3.43 Hz because for each wave the TENG had both an up
and a down motion. The AC output voltage from these tests
is shown in Fig. 15. Similar to the results seen when the
TENG was tested with the linear reciprocating motor, the
same pulsing of AC output voltage occurred. Yet, with this
wave testing, the AC voltage outputs were much less than
with the initial experimentation with the motor. The maxi-
mum peak-to-peak AC output voltage of run 1 was 14 V and
of run 2 was 14.4 V.
The next frequency of wave used was 1.475 Hz. This cre-
ated a TENG frequency of about 2.9 Hz. This was run for
Fig. 13 OWC with TENG and
cap attached
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Fig. 14 Full setup of OWC with TENG attached in wave tank
two tests, and the wave frequency of 1.475 Hz produced a
maximum peak-to-peak AC output voltage of 18.4 V for run
1 and 18 V for run 2. As shown in the test results, two runs
for each wave frequency produced a very close AC voltage
output. All the test results are summarized in Table 3.
Table 3 Summary of OWC-TENG testing









From the results of the testing of the OC and TENG in the
wave tank, the TENG maximum peak-to-peak AC voltage
outputs did not follow the same pattern with increasing fre-
quency as it didwith the linear reciprocatingmotor. There are
some major operating differences between the linear motor
TENG testing and the wave tank TENG testing. One of the
major changes is that the TENG is operating in a horizontal
motion during the linear motor testing, but during the wave
tank testing it is operating in the vertical direction. In the ver-
tical operating direction, it is difficult to maintain consistent
contact forces between the TENG electrode and the TENG
track. The TENG relies on the copper electrode and PTFE
tape to be in contact to complete the circuit and generate
voltage. Nonetheless, it is promising that there was AC volt-
age produced when the pure copper TENGwas placed in the
wave tank and tested; thus, triboelectricity was successfully
created from waves.
Fig. 15 AC output voltage of
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5 Conclusions
The copper alloy TENG and the pure copper TENG were
both tested with a linear reciprocating motor at two differ-
ent frequencies and with three different weight conditions.
It was found that for both the copper alloy TENG and the
pure copper TENG the AC voltage output increased with an
increase in the frequency at which the TENG operated. The
average maximum peak-to-peak AC output voltage for the
copper alloy TENG run for three tests by hand was found
to be 447 V. The average maximum peak-to-peak AC output
voltage for the pure copper TENG run for three tests by hand
was found to be 641 V. There was no conclusive trend for the
impact of the different weights on the copper alloy TENG.
Yet, the pure copper TENG was found to have an increase
in peak-to-peak AC output voltage with an increase in added
weight. The TENGmade of pure copper was then attached to
an OC and ran against seven different wave frequencies in a
wave tank. The pure copper TENGwas successful at generat-
ing AC voltage when operating in the wave tank with the OC.
Therewere not the same relationships between frequency and
peak-to-peak AC voltage output with the pure copper TENG
when it was operated in the wave tank as compared to when
it was operated with the linear reciprocatingmotor. Themax-
imum peak-to-peak AC output voltage for the pure copper
TENG operating in the wave tank with the OC was 18.4 V
and it was found at both the wave frequencies of 1.475 Hz
and 1.002 Hz. This study was successful to demonstrate the
coupled OC and TENG system for ocean wave application
to harvest electricity.
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